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Abstract: We consider the boosted dark matter solution of the XENON1T excess to constrain the framework
through loop-generated processes. The interaction of the boosted dark matter component, which sources the
signal, effectively couples the cold dark matter background to the electrons, making it potentially visible in the
electron recoil searches. Similarly, once the radiative corrections due to the Standard Model are taken into account,
dark matter also scatters on quarks and becomes observable in nuclear recoil measurements. By analysing these
processes, we find that the current direct detection constraints exclude the upper mass range selected by the
anomaly if the boosted component is generated through dark matter annihilation.
Introduction
The XENON collaboration has recently reported an ex-
cess in the low-energy electron recoil data gathered
during the Science Run 1 [1]. The signal concerns
energies ranging from 1 keV to 7 keV, with a peak
centered at about 2 keV and a local statistical sig-
nificance that exceeds the 3σ level. If interpreted in
terms of new physics, the measurement seems to sup-
port the existence of a structured dark sector [2–18]
as alternative (and simpler) solutions that propose so-
lar axions, dark photons or large neutrino magnetic mo-
ments are generally disfavoured by stellar physics con-
straints [1, 19, 20]. Other explanations of the excess are
considered in Refs. [21–25] and the hypothesis that the
signal was caused by a tritium background in the detec-
tor is not excluded [1, 26].
Insisting on explaining the XENON1T excess with dark
matter (DM), it is possible to obtain a good fit of the
signal by considering a flux of fast moving particles that
scatter on electrons [3] and, thereby, generate the ob-
served spectrum. The span of required velocities, which
in natural units is v ∼ 0.03 − 0.25 for DM masses
m ∼ O(10−4 − 10) GeV, exceeds the virial velocity of
cold dark matter (CDM), vCDM ∼ O(10−3), as well as
the escape velocity of Milky Way [27]. This fast DM
component is then likely generated locally, in our galaxy,
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and calls for a dark sector composed by at least two
different particle species on top of new mediators that
connect to the Standard Model (SM).
Interestingly, the scenario is aligned with the framework
of boosted dark matter [28], where a particle species ψ
plays the role of CDM and interacts with the SM only
via gravity. The thermal relic abundance of this compo-
nent is regulated by its interaction with a sub-dominant
population of different particles, χ, which instead couple
to ordinary matter through new interactions. If the dark
sector masses are such that mψ & mχ, the χ particles
produced in ψ annihilation [28] or semi-annihilation [29]
can have the velocities required to explain the XENON1T
signal [3, 14].
In the present Letter we consider the boosted DM solu-
tion of the XENON1T measurement to analyze, in depth,
the impact of radiative corrections. In fact, even if the
CDM has no direct coupling to the SM, as the boosted
DM component necessarily interacts with both ψ parti-
cles and (at least) the electrons, it inevitably generates
a coupling between these two species at the loop level.
The whole CDM background will then contribute to the
electron scattering signal, becoming observable [30] if
the relevant loop-suppressed cross section is compen-
sated by the larger density of ψ: ρψ = ρCDM ' 0.4
GeV/cm3 [31]. Similarly, the SM sources loop diagrams
that connect the CDM component to the quarks via vir-
tual electrons and photons, thereby yielding a potential
signal in nuclear recoil searches [30, 32].
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Simple models for two-component dark matter
To investigate the mentioned effects in a manner as gen-
eral as possible, we write down effective interactions that
capture the gist of boosted DM models for fermion and
scalar DM species. In particular, for the scalar scenario,
we differentiate between semi-annihilation and annihila-
tion as production mechanism for the boosted DM com-
ponent. Henceforth, we denote the dominant and sub-
dominant species with ψ and χ, respectively, regardless
of the spin assignations.
The effective Lagrangians we consider are:
• Scalar DM.
L0 ⊃ (∂µψ)(∂µψ)† −m2ψψ†ψ (1)
+
1
2
(∂µχ)(∂
µχ)− m
2
χ
2
χ2 − e¯eχ
2
Λe
− λs(ψψψ + ψ†ψ†ψ†)χ− λaψ†ψχ2.
In the above equation, the coefficients λs and λa
weight the production mechanisms of the subdom-
inant DM component. The semi-annihilation can
be singled out by imposing that the field ψ trans-
forms non-trivially under a Z3 symmetry
1 [29]. The
interaction term between the electron, e, and DM
involves the effective scale Λe and is chosen so that
the former interacts, at the tree level, only with χ.
• Fermion DM.
L1/2 ⊃ ψ¯(i /∂ −mψ)ψ + χ¯(i /∂ −mχ)χ (2)
− (ψ¯χ)(χ¯ψ)
Λ2a
− (e¯γµe)(χ¯γ
µχ)
Λ2e
.
Dark Matter abundance
In order to simplify our analysis, we review the impact of
CDM annihilation on the dark sector separately from the
case of semi-annihilation, expecting that our results hold
qualitatively also in scenarios where both the production
mechanisms are allowed.
Freeze-out via annihilation
Considering pair annihilation processes first, the evolu-
tion of the CDM number density is regulated by the fol-
lowing Boltzmann equation [33]
dnψ
dt
+ 3Hnψ = −〈σannv〉 (n2ψ − neqψ 2), (3)
1
This motivates the use of a complex field ψ.
where H is the Hubble parameter and neqψ the equilib-
rium number density of ψ particles. The formula holds
regardless of the chosen spin representation, which how-
ever affects the explicit expression for the annihilation
cross section. The thermal average of the latter (times
the relative velocity), 〈σannv〉, regulates the observed
relic abundance of CDM according to
Ωψ ' 0.2
(
5× 10−26 cm3/s
〈σannv〉
)
, (4)
where we have used the s-channel approximation for
〈σannv〉. Explicitly:
• Scalar DM.
〈σannv〉 '
λ2a
8pim2ψ
√
1− m
2
χ
m2ψ
. (5)
• Fermion DM.
〈σannv〉 '
(mχ +mψ)
2
8piΛ4a
√
1− m
2
χ
m2ψ
. (6)
Freeze-out via semi-annihilation
For the semi-annihilation, the Boltzmann equation that
tracks the ψ number density is [29]
dnψ
dt
+ 3Hnψ = −〈σsemv〉 (n2ψ − nψneqψ ) (7)
and the relic abundance is determined by
Ωψ ' 0.2
(
15× 10−26 cm3/s
〈σsemv〉
)
. (8)
Then, in the s-channel approximation, we obtain for the
semi-annihilation cross section:
〈σsemv〉 '
9λ2s
32pim2ψ
√
9− 10m
2
χ
m2ψ
+
m4χ
m4ψ
. (9)
Impact of loop-induced process
In order to assess the impact of the mentioned loop-
induced process, we start by fitting the XENON1T result
under the assumption that a flux of boosted χ particles
produces the observed electron recoil.
After accounting for the experimental resolution of the
detector [34], its efficiency [1], and considering the con-
tribution of both the 4s and 3s orbitals to the transition
(the latter dominates for energy deposits larger than the
2
corresponding ionization energy of 1.17 KeV) [35,36], a
profiled χ-squared analysis reveals that the signal is well
fit by vχ/c ∈ [0.03, 0.25] and mχ ∈ [10−4, 10] GeV. The
results we obtain agree with Ref. [3] and point to a value
of the χ number density times the relevant cross section
of nχσχe ' 10−43 cm−1.
Within the boosted DM framework, however, the num-
ber flux of the subdominant DM component is regulated
by the same cross section that determines the CDM relic
abundance. Assuming the NFW halo profile [37], we
then compute the full sky flux
Φχ = 1.6×10−4 cm−2/s
( 〈σv〉
5× 10−26 cm3/s
)(
GeV
mψ
)2
,
(10)
and estimate the χe cross section as
σχe ' 10−30cm2
(
5× 10−26 cm3/s
〈σv〉
)( mχ
GeV
)2(vχ/c
0.1
)
,
(11)
where in both the equations 〈σv〉 = 〈σannv〉 (〈σsemv〉)
for the case of annihilation (semi-annihilation).
We remark that the relatively large value obtained for
the cross section justifies the assumption of a galactic
origin of the χ background [14] and that considering dif-
ferent halo profiles can result in O(1) corrections to the
above estimate which do not impact on our conclusions.
Because the boost factor γχ = Eχ/mχ resulting from
annihilation and semi-annihilation are [14]
γannχ =
mψ
mχ
, γsemχ =
5m2ψ −m2χ
4m2ψ
(12)
we also observe that the two DM components have com-
parable masses.
ψψ
χχ
ee
ψ
ψ
ψ ψ
χχ
ee
Figure 1: Loop-induced diagrams that connect the CDM
component to the electrons for, respectively, the annihi-
lation and semi-annihilation scenarios.
By using the effective Lagrangians in Eqs. (1) and (2),
we then compute the scattering cross section of CDM on
electrons, sourced by the loop diagrams shown in Fig. 1.
In terms of the χe cross section we obtain in the leading-
log approximation:
• Annihilation, scalar DM.
σψe '
[
λ2a
256pi4
log2
m2ψ
µ2
]
σχe , (13)
with σχe = m
2
e/(4pim
2
χ Λ
2
e).
• Annihilation, fermion DM.
σψe '
[
9
256pi4
m4ψ
Λ4a
log2
m2ψ
µ2
]
σχe , (14)
with σχe = m
2
e/(piΛ
4
e).
• Semi-annihilation, scalar DM.
σψe ' λ4s
[
9 log2(m2ψ/µ
2)
128pi4
]2
σχe , (15)
with σχe = m
2
e/(4pim
2
χ Λ
2
e).
For the purpose of the numerical analysis, we set µ =
Λe assuming that it is the lightest scale of new physics
involved in the process.
The interaction with the electrons also induce a radia-
tive coupling of ψ to the quarks, which lead to potentially
visible scattering of DM on the Xenon nucleons. In this
case, the effective spin-independent nucleon cross sec-
tion is sourced by the diagrams in Fig. 2 and amounts
to [38]:
σψN '
µ2N
A2
(
αZ
3pime
)2
log2
m2e
Λ2e
σψe . (16)
ψ ψ
NN
ee
γ
Figure 2: Radiative diagram that couples the CDM com-
ponent to quarks, potentially leading to an observable
nuclear recoil [38].
The results obtained with the present analysis are sum-
marized in Fig. 3. The dark (light) blue shade indicated
the parameter space selected by fitting the XENON1T sig-
nal within a confidence level of 68% (95%). As remarked
before, the region agrees with the findings of Ref. [3].
The novelty of the present analysis is in the set of exclu-
sion bounds that affect the upper range of DM masses.
3
In correspondence of these regions, the radiative cou-
plings considered in this work induce scattering cross
sections that exceed the reported experimental bounds
at a 90% confidence level. The constraints shown in
the plot apply only to the case of χ production via DM
annihilation, with the dotted line denoting the electron
recoil bound [30] for the scalar scenario and the dashed
one for the fermion case. The constraints due to spin-
independent (SI) DM-nucleon scattering [30, 32], indi-
cated by the solid lines, apply to both the models.
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Figure 3: Impact of radiative corrections within the ana-
lyzed framework. The dark and light blue areas indicate
the parameter space of boosted DM model selected by
the XENON1T excess at a 68% and 90% confidence level,
respectively. The red bands show instead the exclu-
sion contours due to the indicated searches, which probe
the DM annihilation scenario through the analyzed loop-
induced processes. The dotted limit bounds the scalar
scenarios, whereas the dashed line is for the fermion one.
The bounds due to spin-independent (SI) scattering on
nucleons affect both the models.
As for the case of semi-annihilation, not shown in the
figure, we find that the mentioned constraints exclude
only a small portion of the parameter space centered on
mχ = 10 GeV, regardless of the DM speed. The dif-
ference with respect to the annihilation scenario can be
ascribed to the perturbative order at which the scattering
processes are generated. Indeed, for semi-annihilations
the interaction of ψ with the electrons arises only at two-
loop level. The exclusion extends to lower masses if we
allow for the CDM component to constitute only a frac-
tion of the observed cosmological abundance, reaching
mχ ' 5 GeV for Ωψ = 0.02.
Summary
Motivated by the recent excess in electron nuclear recoils
unveiled by the XENON collaboration, we have assessed
the impact of loop-induced processes within the frame-
work of boosted dark matter.
The interactions of the sub-dominant dark matter com-
ponent that, supposedly, induces the signal, inevitably
couple the species acting as cold dark matter to the
electrons at higher orders in perturbation theory. Sim-
ilarly, quantum electrodynamics provides loop processes
that make the cold dark matter component interact also
with quarks. As a result, the cold dark matter back-
ground can leave a potentially observable imprints in the
electron and nuclear recoils.
The bounds we have obtained by computing the men-
tioned radiative processes are summarized in Fig. 3, and
exclude the upper range of masses indicated by the sig-
nal fit regardless of the dark matter velocity. Inter-
estingly, these constraints apply exclusively to the case
where the boosted dark matter component is produced
via the annihilation of the dominant species. In the
case where semi-annihilation sources the flux responsi-
ble for the signal, the same processes yield only negligi-
ble bounds since arise at higher-order in the perturbative
expansion.
Regardless of the actual cause of the XENON1T excess,
our result is of value for the phenomenology of all
boosted and multi-component DM scenarios that reduce
to the analyzed effective models.
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